ABSTRACT: Single-phase concentrated solid−solution alloys exhibit enhanced mechanical characteristics and radiation damage resistance, making them promising candidate materials for applications involving an exposure to rapid localized energy deposition. In this paper, we use large-scale atomistic modeling to investigate the mechanisms of the generation of vacancies, dislocations, stacking faults, and twin boundaries in Ni, Ni 50 Fe 50 , Ni 80 Fe 20 , and Ni 80 Cr 20 targets irradiated by short laser pulses in the regime of melting and resolidification. The decrease in the thermal conductivity and strengthening of the electron−phonon coupling due to the intrinsic chemical disorder in the solid-solution alloys are found to have important implications on localization of the energy deposition and generation of thermoelastic stresses. The interaction of the laser-induced stress waves with the melting front is found to play a key role in roughening of the crystal−liquid interface and generation of dislocations upon the solidification. A common feature revealed in the structural analysis of all irradiated targets is the presence of high vacancy concentrations exceeding the equilibrium values at the melting temperature by about an order of magnitude. On the basis of the results of molecular dynamics simulations of solidification occurring at fixed levels of undercooling, the generation of vacancies is correlated with the velocity of the solidification front, and the processes responsible for creating the strong vacancy supersaturation are revealed. The suppression of the vacancy generation in the solid−solution alloys is also revealed and related to combined effect of enhanced vacancy mobility and higher energy of the vacancy formation in the alloy systems. The analysis of the first atomic shells surrounding the vacancy sites in Ni−Fe alloys uncovers the preference for the vacancy sites to be surrounded by Fe atoms and suggests that atomic-scale chemical heterogeneities may play an important role in defining the behavior and properties of the single-phase concentrated solid-solution alloys.
INTRODUCTION
Short-pulse laser irradiation of a metal target provides unique opportunities for investigation of material behavior under conditions of strong electronic, thermal, phase, and mechanical nonequilibrium, and can lead to the generation of unusual phases and microstructure (arrangement of crystal defects) in a surface region of the irradiated target. 1−14 In particular, in the regime of laser melting and resolidification, the shallow melt depths produced by the highly localized energy deposition and the high thermal conductivity of metals can result in extreme cooling rates, deep undercooling, and rapid resolidification. 7,8,11−19 Highly nonequilibrium densities and configurations of crystal defects in this case can be produced through the generation of various defects at the rapidly advancing solidification front, 7, 9, 14, 20, 21 emission of dislocations due to the dynamic relaxation of laser-induced thermoelastic stresses, [2] [3] [4] [5] [6] 20, 21 and thermally activated rearrangements of the defect configurations during the short thermal spike that follows the laser excitation.
The laser-induced generation of crystal defects has important implications for the modification of mechanical, optical, and chemical properties of the surface. The accumulation of subsurface defects has also been discussed as one of the possible mechanisms responsible for incubation effect observed in multipulse irradiation of metal targets, when the laser fluence threshold for ablation/damage decreases with increasing number of laser pulses applied to the same area. 9,22−27 Because of the relatively shallow depth of the laser-modified zone and the ultrafast rates of processes induced by short pulse laser irradiation, the direct time-resolved experimental probing of the generation and evolution of the defect configurations, however, still remains out of reach even for the most advanced pump−probe techniques. 19,28−31 The confinement of the laser-induced structural modifications within a relatively thin surface region of the target also presents a challenge for ex situ characterization, although a number of electron backscatter diffraction studies revealing the presence of high densities of dislocations 2−6 and twin boundaries 1, 7 in laser-processed metal targets have recently been reported.
A reliable physical interpretation of the experimental evidence of the laser-induced generation of crystal defects in terms of the rapid laser-induced structural transformations can be provided by large-scale atomistic modeling. Indeed, the ability of atomistic simulations to provide insights into the mechanisms responsible for surface nanocrystallization, 8,11−13 growth twinning, 7 emission of dislocations, 14, 20, 21 and strong vacancy supersaturation 9, 20, 21 has been demonstrated in modeling of laser interactions with one-component Cr, Ag, and Ni targets.
In the study reported in this paper, we extend atomistic modeling to binary Ni-based solid−solution alloys and focus our attention on evaluation of the effect of chemical disorder on the generation and evolution of crystal defects in targets undergoing rapid melting and resolidification. The composition of three binary alloys used in this study, Ni 50 Fe 50 , Ni 80 Fe 20 , and Ni 80 Cr 20 , is selected to ensure that the alloys remain in the chemically disordered state under regular cooling conditions. 32, 33 The binary single-phase solid−solution alloys can, therefore, serve as model systems for investigation of the implications of chemical disorder on the behavior and properties of an emerging class of multicomponent solid− solution alloys that exhibit enhanced mechanical characteristics 34 and radiation damage resistance, 35 making them promising candidate materials for nuclear energy applications. For Ni-based solid−solution alloys, in particular, the site-tosite random variation of local chemical environments and corresponding lattice distortions have been shown to result in the suppression, as compared to pure Ni, of damage accumulation under high-energy particle irradiation. 35−40 Although the atomistic simulations of the displacement cascades generated by high-energy particle bombardment have provided important information on the sensitivity of the defect generation to the alloy composition, 37 −39 the relatively small sizes of the individual collision cascades and rapid quenching in the regions of the energy deposition make it difficult to establish direct links between the characteristics of radiational damage, energetics and mobility of individual defects, and the evolution of thermodynamic conditions in the irradiated material. In contrast, the laser irradiation can create energy densities comparable to those in the high-energy ion tracks in much larger regions of the irradiated targets, thus providing more reliable statistical information on the structural response of the material to the strong excitation. Moreover, the thermodynamic parameters and structural transformations are evolving slower and in a more regular manner in laser− material interaction as compared to those in the high-energy particle bombardment, thus enabling more detailed analysis of the connections between the rapidly changing thermodynamic conditions, nonequilibrium phase transformations, and the generation of crystal defects.
The computational model developed for atomistic simulations of laser interactions with metals and its parameterization for Ni−Fe and Ni−Cr single-phase solid−solution alloys are briefly described next, in Section 2. The results of atomistic simulations of the generation of crystal defects by laser-induced melting and resolidification of Ni, Ni 50 Fe 50 , Ni 80 Fe 20 , and Ni 80 Cr 20 targets are reported in Section 3. The mechanisms of the vacancy generation and the reasons for reduced vacancy concentrations generated in the alloy targets are discussed in Section 4 based on the results of simulations of solidification performed under conditions of constant pressure and temperature. The computational predictions on the generation of crystal defects in the solid−solution alloys are summarized in Section 5.
COMPUTATIONAL MODEL
The simulations of laser melting and resolidification of Ni and Ni-based alloy targets reported in this paper are performed with a computational model combining the classical atomistic molecular dynamics (MD) method with the continuum-level two-temperature model (TTM). 41, 42 In the original TTM, 43 the evolution of the lattice and electron temperatures in the irradiated target is described by two coupled nonlinear differential equations that account for the laser excitation of conduction-band electrons, energy exchange between the electrons and atomic vibrations due to the electron−phonon coupling, and the electron heat transfer. In the combined TTM−MD method, the MD substitutes the TTM equation for the lattice temperature in the surface region of the target, where laser-induced structural and phase transformations take place. The diffusion equation for the electron temperature is solved by a finite difference method simultaneously with MD integration of the equations of atomic motion. The cells in a three-dimensional finite difference discretization are mapped to the corresponding volumes of the MD system, 11, 12, 14, 42 and the local lattice temperature is defined for each cell from the average kinetic energy of thermal motion of atoms. The atoms crossing cell boundaries carry the corresponding electron thermal energy along, thus ensuring the total energy conservation. 44 The electron temperature enters a coupling term added to the MD equations of motion to account for the energy exchange between the electrons and the lattice. 41 A complete description of the TTM−MD model is provided elsewhere, 41 ,42 and below we only outline the computational setup and provide parameters used in the simulations reported in this paper.
The temperature dependences of the thermophysical material properties included in the TTM equation for the electron temperature (electron−phonon coupling factor, electron heat capacity and thermal conductivity) are taken in the forms that account for the thermal excitation from the electron states below the Fermi level 45−47 and are provided in Supporting Information. The interatomic interactions in the MD part of the TTM−MD model are described by the embedded atom method (EAM) potential developed for the Ni−Fe−Cr system by Bonny et al. 48 Some of the material properties predicted by this potential, such as elastic constants, lattice parameters, vacancy formation and migration energies, are evaluated in ref 48 and are found to agree reasonably well with experimental data and predictions of density functional theory calculations. The melting temperatures of Ni, Ni 50 Fe 50 , Ni 80 Fe 20 , and Ni 80 Cr 20 , as well as the temperature dependencies of the lattice heat capacity in the solid state and surface tension in the molten state are calculated for the Bonny EAM potential in this work and are summarized in the Supporting Information.
The depth of the surface parts of the targets represented with atomistic resolution is 70 nm in all simulations, and the initial MD systems have the face-centered cubic (fcc) crystal structure and (001) orientation of the free surface. In the The Journal of Physical Chemistry C Article solid−solution Ni-based alloys, the Fe and Cr atoms occupy randomly selected lattice sites. The dimensions of the computational systems in the lateral directions are 7 nm × 7 nm in the small-scale simulations (320 thousand atoms) discussed in Section 3.1 and aimed at establishing the threshold fluences delineating transitions between different regimes of the material response to the laser irradiation. Once the fluence regimes are established, one large-scale TTM−MD simulation is performed for each target composition under irradiation conditions leading to a transient melting and resolidification of a ∼20 nm deep region of the target. These simulations, discussed in Sections 3.2 and 3.3, are aimed at providing microscopic information of the laser-induced generation of crystal defects and are performed with the lateral size of the computational systems increased to 100 nm × 100 nm, which corresponds to about 65 million atoms in the MD part of the computational domain.
The periodic boundary conditions are applied in the lateral directions, parallel to the surface of a target, and a dynamic pressure-transmitting boundary condition 49, 50 is applied at the bottom of the MD part of the computational domain to mimic the nonreflective propagation of the laser-induced pressure waves into the bulk of the target. In the deeper part of the target, below the bottom boundary of the MD region, the conventional TTM equations for the lattice and electron temperatures are solved on a grid extending down to the depth of 2 μm, which ensures a negligible change in the electron and lattice temperatures at the bottom of the computational domain on the simulated timescales. Before applying laser irradiation, all TTM−MD systems are equilibrated at 300 K.
The laser irradiation of the target is represented through a source term added to the TTM equation for the electron temperature. 41 The source term describes excitation of the conduction band electrons by a laser pulse with a Gaussian temporal profile and reproduces the exponential attenuation of laser intensity with the depth under the surface. In all simulations, the optical absorption depth is approximated as 14.5 nm, taken based on the value of absorption coefficient of pure Ni at a laser wavelength of 800 nm. 51 The laser pulse durations, τ L , defined as full width at half maximum of the Gaussian profile, is 50 fs in all small-scale simulations and either 100 fs or 50 ps in the large-scale simulations. The reflectivity of the surface is not defined in the model because the absorbed laser fluence, F abs , rather than the incident fluence is used in the presentation of the simulation results. The smallscale simulations are performed at F abs ranging from 200 to 600 J/m 2 , while the irradiation conditions (τ L and F abs ) in the largescale simulations are chosen to ensure that the simulations are in the melting and resolidification regime.
The interpretation of the densities and types of laserinduced crystal defects predicted in TTM−MD simulations is assisted by a series of additional MD simulations where the defects are generated in the course of a rapid solidification of Ni and Ni-based alloys proceeding under well-controlled pressure and temperature conditions. These additional simulations are performed for crystal−liquid coexistence systems with dimensions of 7 nm × 7 nm × 300 nm (1.28 million atoms) created by combining two 120 nm long liquid parts with a 60 nm-long fcc crystal into a single system. Periodic boundary conditions are then applied in all three directions, forming a system where a solid slab is surrounded by molten material. The fcc crystal is oriented so that its [001] direction is aligned with the longest axis of the combined system. The parts of the combined system are pre-equilibrated at a desired temperature and zero pressure. The liquid subsystem is prepared in a constant zero pressure simulation, where a crystal is first heated above the limit of its thermodynamic stability against the onset of homogeneous melting, ∼1.2−1.3 T m , 52−54 leading to the rapid melting of the whole system. The molten material is then cooled down to the desired temperature, below T m . The undercooled liquid remains in the metastable state because of the absence of any nucleation sites and relatively slow rate of homogeneous nucleation of new crystallites at moderate levels of undercooling. After the combined systems are prepared, the solidification simulations are performed at zero pressure and a range of temperatures covering those observed in the TTM− MD simulations. The crystal−liquid coexistence systems are subdivided into ∼4 nm thick slices along the [001] direction, and the temperature is controlled through the Berendsen thermostat algorithm 55 applied to the individual slices. This slice-by-slice temperature control eliminates the appearance of temperature spikes near the advancing solidification fronts due to the release of the latent heat of melting and enables simulation of the solidification at a well-controlled temperature of the crystal−liquid interface. In both the preparation of the The Journal of Physical Chemistry C Article liquid part of the system and the solidification simulations, the pressure control is done through the Berendsen barostat algorithm 55 applied along the z-axis of the system only, with sizes of the systems along the x and y directions fixed at values that correspond to a crystal equilibrated at zero pressure at the desired temperature. This enables combination of the liquid and crystalline parts of the system at the sample preparation stage and eliminates the appearance of anisotropic lattice distortions in the simulations of solidification. The solidification velocities are then calculated by tracking the movement of the two crystal−liquid interfaces, and the defects generated in the parts of the system where the solidification takes place in the steady-state regime (constant velocity of the solidification front) are analyzed. The Journal of Physical Chemistry C Article and resolidification, subsurface cavitation, and spallation. The regimes identified in these simulations, performed for different target compositions and a broad range of laser fluences, are summarized in Table 1 .
The material response to laser irradiation identified in the simulations is following the sequence of the regimes established in earlier computational studies, for example, refs 12, 16, and 42 For pure Ni, the threshold for surface melting is found to be between 400 and 500 J/m 2 , which is consistent with the melting threshold identified in simulations 7 performed with Mishin EAM potential 56 but higher than the melting threshold of 360 J/m 2 reported in ref 16 for Johnson EAM Ni, 57 which significantly underestimates the melting temperature of Ni. 16 As the fluence increases to 600 J/m 2 , the relaxation of the laser-induced stresses generated in the surface region of the Ni target under conditions of stress confinement 58, 59 results in the transient appearance and collapse of voids in a subsurface region of the target. Further increase of the laser fluence leads to the coalescence of voids and ejection of a top liquid layer in the process commonly called spallation. 11, 16, 42 The fluence thresholds for surface melting and spallation predicted in the simulations are much closer to each other than those in earlier simulations reported for Ni. 7, 16 The early onset of void nucleation and spallation can be related to the substantial underestimation, with respect to experimental values, of the surface tension by the Bonny EAM potential, see the Supporting Information. The low surface tension reduces the energy cost for the subsurface cavitation and spallation, thus narrowing the range of fluences where the effect of the laser irradiation is limited to the melting and resolidification. This range of fluences, however, is still sufficient for investigation of the generation of crystal defects at the solidification front investigated in the present study.
As discussed in the Supporting Information, the intrinsic chemical disorder in the Ni-based alloys causes stronger electron−phonon coupling and lower thermal conductivity as compared to pure Ni, leading to faster electron−phonon equilibration and more localized heating of the surface region of the target. As a result, the melting threshold is significantly reduced for all Ni-based alloys, down to 200−300 J/m 2 as compared to 400−500 J/m 2 for pure Ni. Moreover, the faster and more localized lattice heating in the alloys results in the buildup of stronger compressive stresses and unloading tensile waves, causing the appearance of subsurface voids (cavitation) and onset of spallation at lower fluences. In the simulations performed at 400 J/m 2 , the subsurface cavitation is followed by the collapse of the voids in Ni 50 Fe 50 target, while in Ni 80 Fe 20 and Ni 80 Cr 20 targets the voids grow, coalesce, and percolate, leading to the spallation of a liquid layer. This difference can be explained by the noticeably higher surface tension in Ni 50 Fe 50 as compared to the other two alloys, see Figure S3a in the Supporting Information.
In this paper, the goal is to investigate the generation of crystal defects in the course of laser-induced melting and resolidification. Therefore, the irradiation conditions for the large-scale simulations discussed below are chosen to avoid spallation and to ensure similar maximum melting depth in targets of all four compositions. For Ni and Ni 50 Fe 50 targets, the pulse duration of 100 fs is used, and the absorbed fluences of 500 J/m 2 and 400 J/m 2 are chosen, respectively, to melt surface regions down to similar maximum depths while staying below the spallation thresholds. The transient appearance and collapse of voids in Ni 50 Fe 50 at 400 J/m 2 takes place in the molten region before the arrival of the solidification front and does not affect the generation of crystal defects. For Ni 80 Fe 20 and Ni 80 Cr 20 alloy targets irradiated with 50 or 100 fs laser pulses, the spallation occurs before the desired melting depth is reached. Therefore, the large-scale simulations for these two targets are performed with longer 50 ps laser pulses at an absorbed fluence of 400 J/m 2 , which produces melting depth similar to that in the other two simulations. The longer pulse duration allows for a partial relaxation of the thermoelastic stresses during the laser heating, significantly reduces the strength of the unloading tensile wave, and prevents spallation.
3.2. Large-Scale Simulations of Melting and Resolidification. Four large-scale simulations are performed for Ni, Ni 50 Fe 50 , Ni 80 Fe 20 , and Ni 80 Cr 20 targets irradiated in the regime of melting and resolidification, and the corresponding spatial and temporal evolution of lattice temperature, pressure, and density is shown in Figure 1 . Laser excitation of conduction band electrons followed by the electron−phonon equilibration leads to the temperature increase in the surface regions of the irradiated targets. As discussed above, in Section 3.1, the stronger electron−phonon coupling in the alloys leads to the confinement of the initial lattice heating in much shallower surface regions of the targets, as can be seen from the temperature contour plots. This stronger confinement of the initial energy deposition explains why substantially lower laser fluences are required for producing melting depth in the alloy targets similar to that in Ni.
The temperature of the lattice in the surface region quickly exceeds the melting temperatures of the target materials, leading to rapid melting of the surface regions of the irradiated targets. For targets irradiated by 100 fs laser pulses, the surface is heated up to 1.2 T m by 10 ps in Ni and by 1.2 ps in Ni 50 Fe 50 , again reflecting the stronger electron−phonon coupling in the alloy. As soon as this critical level of superheating is reached, rapid homogeneous melting of about 18 nm deep surface layers takes place in both targets. For Ni 80 Fe 20 and Ni 80 Cr 20 , the heating is slower and is controlled by the rate of the laser energy deposition rather than the electron−phonon coupling (τ L = 50 ps is more than 10 times longer than the characteristic time of electron−phonon equilibration, τ e−ph ). As a result, the melting starts from the surface when the surface temperature exceeds T m at ∼75 ps, that is, around the time when the intensity of the Gaussian laser pulse reaches its maximum, and the melting front accelerates as more energy is deposited during the second half of the laser pulse. Because of the kinetic constraints on the melting front propagation, 60 the crystal lattice below the molten material is superheated up to 1.17− 1.19 T m before the arrival of the melting front, which propagates to the maximum depth of 12 nm and 17 nm in the Ni 80 Fe 20 and Ni 80 Cr 20 targets, respectively.
The local temperature at the crystal−liquid interface drops below T m , and the melting turns into solidification at ∼50 ps after the start of the simulation for Ni, at ∼20 ps for Ni 50 Fe 50 , at ∼150 ps for Ni 80 Fe 20 , and at ∼165 ps for Ni 80 Cr 20 . The solidification velocity increases up to the maximum levels of 70−90 m/s as the temperature of the interface decreases down to the maximum undercooling of ∼0.9 T m reached by the end of the resolidification process in all simulations. As can be seen from the temperature contour plots, the release of the latent heat of melting increases the local temperature at the solidification front and reduces the level of undercooling with respect to the maximum one reached at the molten surface, ∼0.85−0.87 T m . Overall, as can be seen from the The Journal of Physical Chemistry C Article temperature contour plots and the black lines showing the progression of the crystal−liquid interfaces, the heating, melting, cooling, and epitaxial resolidification proceed in a qualitatively similar manner in all four simulations.
In the simulations performed with τ L = 100 fs, τ L < τ e−ph , and the time of the lattice heating is defined not by τ L but by the time of the energy transfer from the hot electrons to the lattice, that is, by τ e−ph . For both pure Ni and Ni 50 Fe 50 , τ e−ph is shorter than the time needed for the mechanical relaxation (expansion) of the heated volume, leading to the generation of strong compressive stresses in the surface regions of the targets, as can be seen from the pressure plots in Figure 1a ,b. In each of the two simulations, the relaxation of the compressive stresses drives the strong compressive pressure wave deeper into the bulk of the target and induces an unloading tensile wave that follows the compressive component. The compressive and tensile components of the pressure wave propagate without any noticeable reflection from the boundary separating the MD and continuum parts of the model. After the laser-induced pressure wave leaves the surface area of the target, zero pressure establishes in the molten region, while the residual thermoelastic stresses, which cannot relax by uniaxial expansion of the crystal lattice in the direction normal to the surface, remain in crystalline part of the target. 16 These quasi-static compressive stresses, however, are relaxed in the top parts of the resolidified regions of the targets due to the generation of high density of crystal defects, as discussed in the next section.
Interestingly, the magnitudes of the compressive and tensile components of the stress wave generated in the Ni 50 Fe 50 target are substantially higher than those in the pure Ni target, even though the absorbed fluence of 400 J/m 2 applied to the alloy target is 20% lower than that used in the simulation of pure Ni target. This observation can be related to the stronger electron−phonon coupling in the alloy (see Figure S1b in the Supporting Information), leading to a shorter τ e−ph and a more abrupt heating of the lattice. The increased magnitude of the tensile unloading wave is sufficient for inducing cavitation in the molten part of the target, which is apparent in the density plot shown in Figure 1b and proceeds through the nucleation and growth of subsurface voids. At a sufficiently high fluence, above the spallation threshold, the cavitation process can lead to the ejection of a liquid layer from the target, for example, refs 12, 16, 42, and 58. The voids can also be captured by the solidification front, 11 leading to the "swelling" of the surface region and formation of frozen subsurface nanovoids observed in experiments, for example, refs 11, 61, and 62. In the simulation illustrated by Figure 1b , however, the voids collapse because of the surface tension prior to the arrival of the solidification front and do not affect the microstructure of the resolidified region. Note that the cavitation occurs in Ni 50 Fe 50 alloy and not in pure Ni despite the lower surface tension of the latter (see Figure S3a in Supporting Information), which is expected to facilitate the cavitation and spallation. This observation highlights the dominant role of the increased electron−phonon coupling and stronger stress confinement in defining the conditions for the generation of subsurface voids.
In the simulations performed for Ni 80 Fe 20 and Ni 80 Cr 20 alloys with longer τ L = 50 ps, τ L > τ e−ph , and the time of the lattice heating is defined by τ L rather than τ e−ph . Thus, despite the strong electron−phonon coupling in the alloys, the condition for the stress confinement is not realized, and the thermoelastic stresses associated with the laser heating are largely relaxed during the laser energy deposition, as can be seen from much lower levels of pressure in Figure 1c Before discussing the very high vacancy concentrations generated in all four simulations, let us first consider the mechanisms of the generation of dislocations, stacking faults and twin boundaries, which are found to be sensitive to both the target composition and irradiation conditions. Starting from the simulation performed for the pure Ni target, the formation of several twin boundaries (green) and stacking faults (yellow) outlined by Shockley partial dislocations can be seen in the last snapshot in Figure 2a and an enlarged top view of the final configuration shown in Figure 3a . The generation of the partial dislocations can be related to the roughness of the crystal−liquid interface formed by the end of the rapid melting process. The unloading tensile wave, produced due to the dynamic relaxation of the laser-induced stresses, passes through the melting front at ∼20 ps, Figure 1a , reduces the crystal stability against melting, 53 and facilitates the homogenous nucleation of liquid regions in the superheated crystal, Figure 2a . As a result, the molten layer formed by 50 ps is separated from the crystalline bulk of the target by a mushy zone where nanoscale crystalline and molten region are mixed. The following solidification process starts from a rough interface and results in the formation of Frank partial dislocations upon folding of deep troughs that produces areas with missing atomic planes incorporated into the growing crystal. Frank partials split into various combinations of stair rod and Shockley partials connected to the solidification front and extending in the course of solidification. In addition to the dislocations, the formation of growth twins is activated on several (111) facets of the rough solidification front advancing in (001) direction when the temperature at the front drops below the critical level required for the onset of growth twining. 7 The Journal of Physical Chemistry C
Article
The defect configuration generated in the Ni 50 Fe 50 target is visually very different from the one discussed above for pure Ni and features a high density of stacking faults, Figures 2b and 3b. The formation of the stacking faults can be related to the emission of numerous partial dislocations from the crystal− liquid interface at the end of melting process, when strong tensile wave passes through the interface, Figure 1b . As discussed in Section 3.2, the higher strength of the electron− phonon coupling in the alloy as compared to pure Ni is responsible for the generation of stronger stress wave, which, in turn, generates the resolved shear stresses that are sufficient for the dislocation emission. The Shockley partial dislocations emitted from the melting front leave behind stacking faults that can be seen as earlier as 20 ps after the laser pulse in the snapshots shown in Figure 2b . The interaction of Shockley partials with each other leads to the formation of immobile stair-rod dislocation segments (Lomer−Cottrell locks), which prevent further propagation of dislocations into the bulk of the crystal as well as their retraction to the crystal−liquid interface. Calculations of the stacking fault energies predicted by the Bonny potential 48 yielded the value that is approximately two times lower for Ni 50 Fe 50 than for Ni. The lower value of the stacking fault energy in the alloy agrees with predictions of thermodynamic calculations 66 and can be related to the suppression of the emission of trailing dislocations from the crystal−liquid interface, leading to the retainment of the large area stacking faults connecting the stair-rod dislocations to the melting/solidification front. The partial dislocations and the corresponding stacking faults are extended toward the surface during the solidification process, forming a continuous dislocation network in the resolidified part of the target, Figure  3b .
No dislocations are identified in the resolidified region of the Ni 80 Fe 20 target, and only a few small dislocation loops are observed in the Ni 80 Cr 20 target. The latter dislocation loops are formed during the resolidification by the same mechanism as the one discussed above for the Ni target. To understand the virtual absence of dislocations in these two alloys, the roughness of the crystal−liquid interface is analyzed. Figure 1 . The results shown in Table 2 reveal that the crystal−liquid interface is much rougher in the Ni target irradiated by a 100 fs laser pulse as compared to the two targets irradiated by longer 50 ps laser pulses, which is consistent with visual analysis of the corresponding snapshots in Figure 2 48, 66 which makes it easier for loops of partial dislocations enclosing the stacking faults to form. The interface roughness in the Ni 50 Fe 50 target is much lower than that in the pure Ni target because of faster and more localized heating, which leads to a rapid melting of the surface region before the arrival of the unloading tensile wave. In this case, the interaction of the unloading wave with the melting front results in the emission of partial dislocations rather than homogeneous nucleation of liquidphase regions below the crystal−liquid interface observed for Ni.
Turning to the analysis of vacancies generated by the laserinduced melting and resolidification, the presence of high vacancy concentrations in the resolidified parts of the targets is apparent in the snapshots shown in Figure 2 . An even clearer view of the vacancies is provided in Figure 4 , where all other defects are blanked and the single vacancies, divacancies, and larger clusters of vacancies are colored blue, green, and red, respectively. The visual analysis of Figure 4 suggests that while high vacancy concentrations are produced in all four targets, the generation of vacancies is strongly suppressed in Ni 50 Fe 50 as compared to other targets. This observation is quantified in Figure 5 , where the corresponding spatial distributions of vacancies within the irradiated targets are shown. As compared to Ni, where the vacancy concentration in the resolidified region is ∼0.1%, the vacancy concentration is reduced by a factor of ∼5, down to ∼0.02%, in Ni 50 Fe 50 . This large suppression of the vacancy generation, however, is not observed in Ni 80 Fe 20 and Ni 80 Cr 20 alloys, where the vacancy concentrations of about 0.15 and 0.1% are observed, respectively. Analysis of the temperature dependence of the vacancy mobility indicates that it takes more than 10 ns for a vacancy diffusion length to reach 1 nm at a temperature of 0.8 T m , which is above the temperature of the surface region at the end of the simulations. Given the ultrafast cooling rate, on the order of 10 12 K/ps at the time of complete resolidification, and the exponential dependence of the mobility of vacancies on temperature, the high concentration of vacancies generated in the surface regions of the targets can be expected to be "frozen in" and remain after cooling down to the ambient temperature.
Another unexpected result related to the vacancy generation in the alloy systems is revealed in the analysis of the local composition in the immediate vicinity of the vacancies. Assuming a random distribution of atoms of different types in the solid−solution alloys, the probability of having k Ni atoms among the 12 atoms constituting the first neighbor shell of a vacancy site is given by the following equation:
where p is the probability of a lattice site to be occupied by Ni atom, which is equal to 0.5 for the Ni 50 In all targets, the high vacancy concentration is only observed in the regions that experienced transient melting and resolidification, see Figure 5 . Therefore, to explain the high vacancy concentrations exceeding the equilibrium values at the melting temperature by about an order of magnitude, the unexpected sensitivity of the generation of vacancies to the target composition, and the deviation from the chemical disorder around the individual vacancies we perform an additional series of simulations of solidification under conditions of fixed undercooling below the equilibrium melting temperature. The results of these simulations are reported below in Section 4. The roughness is evaluated for times marked by stars and labeled as "A" and "B" in Figure 1 . 
ATOMISTIC SIMULATIONS OF VACANCY FORMATION AT A FIXED LEVEL OF UNDERCOOLING
The physical interpretation of the high levels of vacancy supersaturation produced by the laser-induced melting and resolidification as well as the suppression of vacancy generation in Ni 50 Fe 50 alloy can be assisted by considering the results of MD simulations of solidification occurring at fixed levels of undercooling below the equilibrium melting temperature. The computational setup used in these simulations is described in Section 2 and schematically illustrated in Figure 7a . A crystalline seed with two (001) crystal−liquid interfaces grows epitaxially under conditions of zero pressure and a controlled level of undercooling. The steady-state propagation of the two solidification fronts proceeds with a constant velocity defined by the temperature maintained throughout the system, as illustrated by the contour plots depicting the local fraction of the liquid phase, Figure 7b −d. The local fraction of liquid phase, F liq , is determined based on calculation of local order parameter 41, 67 that identifies atoms with local surroundings characteristic of liquid or crystalline phases. When the undercooling approaches a critical level of ∼30% below T m , the homogeneous nucleation of new crystallites inside the strongly undercooled liquid is observed in addition to the epitaxial propagation of the solidification fronts, as exemplified by the emergence of a new region with nonzero fraction of crystalline atoms inside the liquid phase region in a simulation performed at 0.71 T m , Figure 7d . The onset of homogeneous nucleation of new crystallites has been observed at similar levels of undercooling in earlier simulations of laser melting and resolidification performed for Foiles−Baskes−Daw EAM Ag, 11−13 and at a deeper undercooling of ∼0.60 T m for Johnson EAM Ni. 8 To avoid the effect of the homogeneous nucleation of new crystallites on the analysis of the vacancy formation at the solidification front, only the results obtained at temperatures ranging from 0.98−0.99 T m down to the threshold for the onset of the homogenous nucleation are used in the analysis. Two representative atomic configurations showing the presence of vacancies, divacancies, and vacancy clusters in the solidified region of Ni and Ni 50 Fe 50 systems are provided in The comparison of Figures 8a and 8b reveals similarity of the temperature dependences of the solidification front velocity and vacancy concentration, both exhibiting increase with decreasing temperature. The acceleration of the solidification velocity with increased undercooling can be attributed to the rapid increase in the thermodynamic driving force for crystallization. Indeed, close to linear increase of the solidification front velocities up to a maximum level ∼100 m/s followed by a saturation with increasing undercooling has been reported in earlier MD simulations 68 and supported by experimental measurements. 19 The increase in the vacancy concentration, however, looks surprising from the first sight, as the thermodynamic driving force for the generation of vacancies is decreasing exponentially with decreasing temperature. The generation of vacancies, therefore, can only be The Journal of Physical Chemistry C Article explained by peculiarities of the kinetics of the increasingly rapid growth of the crystal at lower temperatures: the vacancies are essentially generated as "errors" in the process of building the crystal structure at the solidification front rapidly advancing under conditions of strong undercooling below the equilibrium melting temperature of the material. The increase of the interface velocity with increasing undercooling, Figure 8a , reduces the time available for atomic rearrangements needed to correct these "errors." Moreover, the mobility of vacancies decreases exponentially with temperature decrease, thus preventing the vacancies from escaping to the liquid phase.
While the vacancy concentrations predicted for different material systems exhibit qualitatively similar dependencies on the level of undercooling, Figure 8b , the plots also demonstrate an obvious suppression of the vacancy generation in the three alloy systems with respect to pure Ni. At all levels of undercooling, the vacancy concentration decreases with addition of 40 and the enhanced mobility of the vacancies in the alloy systems. 69 The higher energy of vacancy formation may reduce the number of vacancies that can be generated at the solidification front, while the higher mobility facilitates their escape into the liquid phase. Table 3 . The number of Ni atoms is substantially reduced with respect to the values that correspond to the random mixing in the alloy systems, 6 Ni neighbors for 50 at.% Ni and 9.6 Ni neighbors for 80 at.% Ni alloys. A detailed computational analysis has revealed that the average vacancy formation energy increases with increasing number of Ni atoms in the first neighbor shell of a vacancy site. Thus, while the vacancies have random chemical environment immediately after their incorporation into the rapidly growing crystal, the following atomic jumps shift the vacancy environment toward the energetically favorable configurations with Fe-rich first Figure 9c and Table 3 . This observation is consistent with the results of the TTM−MD simulation of melting and resolidification of a Ni−Cr alloy target discussed in Section 3, Figure 6c .
CONCLUSIONS
The short-pulse laser induced generation of crystal defects, including vacancies, dislocation, stacking faults, and twin boundaries, in Ni and Ni-based binary solid−solution alloys is investigated in large-scale TTM−MD simulations performed in the irradiation regime of melting and resolidification. The intrinsic chemical disorder in the single-phase concentrated solid−solution alloys reduces the thermal conductivity and strengthens electron−phonon coupling with respect to pure Ni, leading to faster and more localized heating of the surface regions of the irradiated targets. As a result, the laser fluence thresholds for melting and spallation are significantly reduced, the magnitude of the laser-induced stresses increases, and the separation between the two thresholds shrinks in the alloy targets.
The microstructure of the resolidified surface regions in Ni and Ni 50 Fe 50 targets irradiated by 100 fs laser pulses is found to be strongly affected by the dynamic relaxation of the laserinduced stresses, which leads to the generation of a strong unloading tensile wave that interacts with the melting front and facilitates the formation high densities of partial dislocations in the surface regions of the irradiated targets. In Ni, the tensile wave passes through the melting front, reduces the crystal stability against melting, and triggers homogenous nucleation of new liquid regions in the superheated crystal. As a result, the crystal−liquid interface formed by the end of the melting process has a rough shape, and the resolidification proceeding from such interface yields a high density of dislocations connected to the solidification front and extending toward the surface in the course of the solidification.
In Ni 50 Fe 50 target, numerous Shockley partial dislocations are directly emitted from the crystal−liquid interface at the end of the melting process, when a strong unloading wave passes through the interface. The interaction of Shockley partials with each other leads to the formation of immobile stair-rod dislocation segments, which prevent the retraction of the dislocations to the crystal−liquid interface. The partial dislocations and the corresponding stacking faults are extended toward the surface during the solidification process, forming a continuous dislocation network in the resolidified part of the target.
In Ni 80 Fe 20 and Ni 80 Cr 20 targets irradiated by longer 50 ps laser pulses, the laser-induced thermoelastic stresses are much lower, and neither the melting front roughening nor dislocation emission is observed in the simulations. As a result, the solidification proceeds through the propagation of a smooth crystal−liquid interface, which yields no dislocations in Ni 80 Fe 20 and only a small number of dislocation loops in Ni 80 Cr 20 . The levels of undercooling at the solidification front are similar to the values reached in the Ni and Ni 50 Fe 50 targets irradiated by 100 fs laser pulses. The difference in the microstructure, therefore, is mainly related to the differences in laser-induced stresses and material properties.
One prominent feature of the microstructure formed in the surface regions of the irradiated targets is the generation of very high vacancy concentrations exceeding the equilibrium values at the melting temperature by about an order of magnitude. On the basis of the results of MD simulations of solidification occurring at fixed levels of undercooling and in the absence of mechanical stresses, the generation of vacancies is correlated with the temperature dependence of the velocity of the solidification front. The vacancies are generated as "errors" in the process of building the crystal structure at the solidification front, and the sharp drop in mobility of the vacancies and the increase in the solidification front velocity with increasing undercooling diminish the chances for the vacancies to escape to the liquid phase. As a result, the vacancy concentration generated at the solidification front exhibits a strong increase with increasing undercooling in both pure Ni and Ni-based alloys.
Despite the qualitatively similar dependences on the levels of undercooling, the vacancy generation in the three alloy systems are found to be strongly suppressed with respect to pure Ni. The suppression is observed in all MD simulations performed at different levels of undercooling as well as in the TTM−MD simulation of laser-induced melting and resolidification of the Ni 50 Fe 50 target. The suppression of the vacancy generation in the solid−solution alloys is related to combined effect of the enhanced mobility of the vacancies and the higher energy of the vacancy formation in the alloy systems. In Ni 80 Fe 20 and Ni 80 Cr 20 targets irradiated by 50 ps laser pulses, the vacancy suppression effect is counteracted by the fostered vacancy generation under the action of residual compressive stresses.
The analysis of the first atomic shells surrounding the vacancy sites in Ni−Fe alloys reveals the preference for the vacancy sites to be surrounded by Fe atoms (even though addition of Fe significantly decreases the total vacancy concentration as compared to pure Ni). This observation is an example of how the crystal defects can produce atomic-scale chemical heterogeneities in the single-phase concentrated solid−solution alloys.
Overall, the combination of the TTM−MD simulations of laser-induced melting and resolidification with MD modeling of solidification occurring under well-controlled temperature and pressure conditions has provided important insights into the mechanisms of the generation of crystal defects in Ni-based solid−solution alloys under conditions of strong thermal and mechanical nonequilibrium induced by a rapid energy deposition.
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